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REAT TRANSFERAND TEERKALLOSSES IN ABOVE-CORE REGIONS

Charles R. Bell ●nd J. E. Boudreau*
Energy Divimion

Los Al~os Scientific Laboratory
P. O. BOX 1663 .

Lo- Alemoo, Mew Mexico 87545 USA
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Heat tranofer and themal losses in ●bove-core regiono can substantially
influance the conversion of themal energy to damage potential following
postulated core-disruptive accidenta in a liquid metal fast breeder reactor.
Any ●oses-ent of these influences is complex and difficult to substantiate
becaute of the transient, interactive environment in which they occur. This
paper develope ● perspective for the role of heat-transfer processes in the
context of fluid/8tructure dynamics, containment strength, ●ccident severity,
sodim involvement, ●nd uncertainties in current knowledge. The Clinch River
Breeder Reactor (CRBR) is used ●s an ●xample to quantify this perspective.
Ccntaiment limits ●re estimated for CRBR to allw ● comparative evaluation of
the containment tolerance ● s different phytical ●ffects ●re considered, For ●

conservative estimate of containment failure threshold ●nd for neutronic ex-
cursions resulting in fuel-vapor expaneiono, the CRBR system tolerence for
energatic ●ccidenta increaoes if’ we include the effects of fluid-structure
dynamics ●nd coupled fluid-dynamico ●nd heat transfer. Further, ●dditional
●cc-odation for greater sodim involvement (work-potential ●ugmentation) is
possible if ●ll heat-transfer processes ●re considered together. Thit per-
spective can contribute valuable insight ● m decidionn ●re made to reduce the
uncertainty in the risk to the public by means of improved analyoim of the
●ergetice problam.

●Work performed under the auspicec of the United Scatee Mpartmant of Energy.
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1. Introduction

Cmtaiment integrity in pmtulated fa~t reactor ●ccidenta has been ●

major ●raa of ctudy for Bany yeare. It was recognisad ●t ●n ●arly point [1]

that fact reactore aro not in their moot reactive configuration; therefore,

the hietoric approach hae baen to ●etabliah criteria [2,9] to prevent po-

tentially ●erioue confi~rational changes through propar design ●nd fabri-

cation (by uei~ core clsmping, highly reliable control rode, high-qfiality

materiale, qualified unufacturing tecbniquee, ●tc.). Howver, mankind is not

infallible ●nd our best ●xpertiee ●nd: intentions do not produce sbsolute
,* ●afety. Therefore, wc ●ttempt to prevent serious ●ccidente, to recognize ●nd

quantify the uncertainties in our eafety ayetam,

greesion and consequences of a variety of ●ccidente

to prwide a reasonable level of eystem tolerance for

The nature of core disruptive ●ccidents (CDAS)

to understand the pro-

(ehould they occur), ●nd

these unexpected events.

pnd the manner in which

theee accidente potentially lead to health consequences ●re discueeed by

Marchacerre [~], Theofmoue 15], Jackeon [6], &d others [7,8]. Accident

severity (generally stated in tema of reactivity insertion rate at prompt-

critical) ●nd the probability of occurrence ●e dealt with in the literature

[9- 12]. Our consideration involvee the determination of damage potential and

quantified threats to the overall containment ●yetem (Primary Heat Transport

Syetem, PETS, plue the Reactor Containment Building, RCB) ●nd, in particular,

the effecto of heat transfer ●nd themal loecec in the ●bove-core regions.

2. Perspective

The translation of the reactivity inmertion rate into ● thermodynamic

initial condition for the a-called poetdieseaembly ●xpansion occurs in the

‘:dieaeaembly phaee” of the ●ccident. Thio phase Cenerally terminates the

neutronic traneient in the ●ccident (except for possible recriticality ●vents

duri~ the later ●tages). An overview i- given by Jackoon [13] of the

treatment of the dioasoembly phaae.

The fi~~ion energy deposited ●m

produce ● quantity of work ●m the

voltme between the aodim pool ●nd

potential can be defined based on

thermal ●nergy in the core materials can

materials ●xpand to fill the cover-gas

the reactor head. A thermodynamic vork

●n ieentropic ●xpansion of the high-

temperature fuel ●lone [14] or ● higher theoretical work potential can be -

defined by recognizi~ the possible role of the more volatile aodim [15 J

1000-klWe.

?or reactors in the 1000-MUe clase~ the problem of •cc-~ati~ the

uork potential of CDAe ●re mere critical [16]. Thus it is prudent to take

●dvants:e of the nonideal ●epects of the ●xpansion procesc ●nd thereby claf-

..



. . .

●B mch of the real systaz tolerance for ●nergetic ●ccidents ●s can be
defen~ivcly shown.

Piwre 1 qualitatively prescnto the impact of various monideel proceo~es

duriLU the ●xpansion and roflecta design uncortaintiea and po.oible design

uptiom m eyotem tolerance for CDAa in the Clinch River Breeder Reactor

(CRBE) [17], ●bom sch-atically in ?ig. 2. Tho figure is prkarily illustra-

tive in mture. Most of the quantitative information can be traced to spe-

cific detailed calculations. Hwevor, the intent is more to show relative

trands ad the overall tradeoffs invol.~ed than to prescribe specific CRBR

failure IiBits.

The thermodynamic mrk potential shown on the abscissa can be considered

either the retult of an isentropic fuel vapor or ● Eicks+enzies [15] sodium

vapor expansion. The reactivity insertion rates that relate to the thermody-

namic work potentials for the cases examined are shown ●t the top of the

figure. Transfer lines between the two scales (line ●-b for cxmnple) indicate

constant reactivity insertion rate ●s a function of increasing ●odium in-

volvement in the ●pansion. Sodium involvement ia defined ●m thti percentage

of the optimm Hicks+enzies work potential that can be produced.

The ordinate of Fig. 1 is pool kinetic ●nergy at impact with the reactor

closure system ●nd can be interpreted loosely ●s damage potential. This ki-

netic ●nargy may not necessarily correspond to real d-age because the impact

dymgmico will strongly influonco the transient forcas developed in the systam.

For CRBR, ● range may b. estimated for impact kinetic ●nergies leading to

aarly PHTB ●nd RCB failure. The lower limit ia conservative ●nd may be ●s-

●ociated with ideal oodi~fire premaurization of the RCB caused by ●odium

dimcharge through the raactor head ●nd with “free body” missile generation.

Thre is ●lso ● damage-potential level ●t which the containm~nt system will

fail with higher certainty. We have ●stimated this level to be ●bout 400 MJ

(expansion to the cover-gas volme) for the CRBR bssed on impact pressures at

or ●bove one-half the yield strength of the reactor head material, Thie level

is uncertain, but is salccted primarily for the sake of evaluatin~ whether the

importance of the different physical procesoes change- when considered ● t two

significantly differant containment capabilities (150 KI vs 400 HJ). The

width ●nd position of the failure thrashold range shown in ?ig. 1 is oystem

design dgpendent ●nd ia ● function of head failure modes (et., missile gener-

●tion) ●nd of moditm ●jaction paths. In uddition, the range can be ●ffected

through improved understanding of sodim burning, RCB pressurization, and RCB

failure charactcristicm.

Tha “idsal” convaroion procoss is shon ●s line A on Fig. 1. Point c i.

tha consmvative ●st{mato of system tolarance for ●rmrgetic CDAe. Tho figure
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shws that the system could withstand ●n ●ccident ramp rate of 60$/s involving

only fuel vapor ●nd considerably less with Significant ●odium ●ugmentation.

In moving from point c

nor, missiles ●uch as

failure over this range

●nte would be ●bout 120

wapor expansion.

If we exclude the

to d on curve A, we ●ssume that neither aodi~ fires

ejected rotating plugs cause secondsry contaimmeat

of energetic~e The maximum potentitl in eystem toler-

$/s if we ●re constrained to curve A ●nd a pure fuel-

●bove-core structures (upper-core structure, UCS, ●nd
.

upper internal structures UIS) ●nd consider only effects of fluid dynamics and

fluid/stru:ture dynamics, we shift to zone B on Fig. 1. These expansions are

characterized by two-dimensional pool dynamics, loss of work potential through

plastic strain of the core barrel and vessel walls, incomplete conversion of

pool kinetic energy to loads on the vessel closure system because of inco-

herent pool impactj ●nd incomplete development of work potential because of

the nonuniformity in the dynamic expansion. These effectr ●re fairly well
.,
understood ●nd can be calc~lated to various degrees with computer codes such

●s REXCO [18], SIMMER‘[19], ICECO [20], PISCES [21], ASTARTE “[22], and SURBOUM

[23]. Considerable experimental data has been accumulated in support of these

fluid/structure effects [24-27] ●nd more is being obtained on the nonuniform

expansion behavior [28]. The bandwidth shown for region B arises from a? 20%

assumed uncertainty ●round a nominal estimate.

As seen from Fig. 1, these ●ffects reduce the conversion efficiency to

●bout 50 per cent of the ideal. This ahiftw ~he lower limit of system toler-

ance from 60 $/s (point c) to ● range of 90 to 125 $/s. Of more importance is

the potential for extending system tolerance to ●round 240 $/s if sodium fire

and missile threats can be ●ccommodated. The likelihood for severe fires and

energetic missiles clearly increases ● s the reactivity ramp rate increases~

however.

Work potential is diminished by heat losses from the working fluid. The

heat-transfer processes are coupled strongly to the structural behavior of the

fluid dynamics and to the high heat capacity of the fast-response UCS. The

combined effects of ●ll the heat-transfer processes (assuming the UCS ●nd UIS

remain in place and unplugged) ●re estimated [291 ● s region C in Fig. 1. It

must be emphasized that region C represents not only heat-transfer effects?

but the combined result of severe fluid throttling in the WCS pin structure

●nd heat transfer in the core! UCS? ●nd sodium pool. (See Sec. 3 for details

of these processes.)

Region C cannot be ●ccepted in the high work-potantial regime because the

WCS ●nd UXS ●re likely to fail dyntmieally under the higher tote pressures.

Recent ●xperimental work ● ? SRI [30] shows large UIS translations for



●imulated isentropic fuel-vapor ●xpansions in the range of 200 W (to the

cover-gas v61ume). Because these were direct-loading ●xperiments (i.e., there

was no UCS between the core and UIS) and the flow passages of the UIS were

blocked, the deformations of the columns are probably somewhat large compared

to the real case. The ●ffectiveness of the UCS could begin to deteriorate at

approximately 150 $/s. The work potential has not yet been determined at

which the

that the

would jimz

depend on

mitigating effectu of the UCS essentially disappear but we estimate

pins in the UCS probably would begin to buckle and flow passages

at approximately 200 $/s. UCS effectiveness as a heat sink would

the degree of interpenetration of core material before and during

this mechanical jauzning.

An estimated UCS breakdown zone is shown on Fig. 1 as region D. Some

effect of hermal losses continues even in the work-potential range beyond

complete UCS breakdown because of heat-transfer processes at the expansion

zone/pool interface. Heat-transfer processes in the core also will remain to

●me degree. Thus the CRBR system tolerance for energetic accidents may be

●xtended to the range of 150 to 200 $/s if fuel is the expanding fluid, a con-

servative containment-failure threshold is used, and if heat transfer and

●bove-core structure effects are included.

Figure 3 presents a sunmkary of the CRSR system tolerance for energetic

●ccidents in terms of reactivity ramp rate vs the expansion treatment used.

The lower-case letters that designate various ranges are preserved from Fig.

1. The left-hand band (cehigc) represents the conservative limit of con-

tainment-system to:erance ●nd the band width represents an estimate of un-

certainties. The magnitudes of the uncertainties may be questioned but the

qualitative trends are valid. The right-hand band (djkRfd) represents an

upper limit of containment through increased understanding of the failure

threshold ●nd Fezhaps implementation of special design features to elevate the

threshold.

Oppositt? curvature of the two bands is one feature of Fig. 3 that is very

prominent ●nd has ●n important impact on the need to understand heat trmsfer

●nd thermal losses in the ●bove-core structure. The left-hand (conservative)

band indicates ● substantial gain in system tolerance if the heat-transfer

processes ●re ●ssr---d ●nd substantiated. The right-hand (optimistic) band

indicates marginal vaiue for heat-transfer ●ffects in the high ramp-rate re-

gime. This is mainly the result of the threshold nature of the UIS failure.

In ●ddition, the high ramp-rate expansions allow less time for heat transfer,

thereby diminishing that influence.

A second prominent feature of Fig. 3 is the inverse dependence of con-

taimzent-system tolerance on the degree of sodium involvement. Containment of



#en ● mild accident requires low levels of sodium involvement. It is this

characteristic of the liquid fuel-steel-sodium system that has provided the

impetus for many years of research on an international scale in the area of

fuel-coolant interactions (FCIS).

A containment failure regime map that depends on reactivity ramp rate and

effective se$ium involvement is shown in Fig. 4 for the three sets of modeling

●ssumptions that form the bases for regions A, B, ●nd C in Fig. 1, i.e., an

ideal expansion, an ●xpansion considering fluid dynamic and structure effects

only and an expansion including both h-eat transfer ●nd fluid dynamics ef-

fects. This failure map was derived from Fig. 3 using points c,e, and h as

the containment-failure thresholds for the three expansion treatments. For

mild accidents ( c 50 $/s) heat transfer may substantially relax the re-

quirement that we must demonstrate small effective sodium involvement. Heat

transfer would also permit substaiitial sodium involvement in the intermediate

ramp-rate range (50-150 $/s). In the higher ramp-rate range (> 150 $/s),

augmentation from sodium involvement can be tolerated only if uncertainties in

WCS and UIS breakdown characteristics are resolved, the containment-system

failure threshold is increased,

shift the positions of regions B

3. Heat Transfer Processes

3.1 Heat Transfer in the Core

and/or specific design changes are made to

and D downward and to the right in Fig. 1.

The fundamental consideration relative to heat transfer is timing. Any

heat-transfer process that can rapidly remove a significant portion of the

sensible energy that was added to the fuel during the disanse~nbly phase may

have either the effect of significantly lessening or augmenting accident

severity. Therefore those heat-transfer processes that are operative with

high-exchange rates are of importance to us here.

Following the disassembly phase, the core is in a state where fuel is at

● high temperature relative to the remaining steel and sodium (liquid steel,

solid cladding, solid can wall, liquid sodium, or various combinations de-

pending on the accident sequence). In addition to the fuel-steel and fuel-

●odium paths for energy leas from the fuel, the spatial power distribution

significantly varies the fuel temperatures throughout the core. Thus, energy

can transfer from hot to lower-temperature fuel through intermixing.

Abramson [31] perfomaed ● parametric study of the effects on the work

potential of heat transfer between in-core liquid fuel to liquid steel. This

process was found to decrease the work potential by as much as an order of

magnitude. The magnitude of the effect decreases with higher initial steel

temperature ●nd with less ●vailable steel mass for energy ●bsorption. Of

critical importance ●lso is the characteristic size of the steel ●nd the
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strength of the thermal coupling. This heat-transfer mode should be of major

importance in most accident. because th-e steel is initially in a highly dist-

ributed state (cladding thickness of % 0.0004 m, can-wall thickness

of %0.003 m$ ●nd steel droplets on the order of the flow-channel hydraulic

diameter, i.e, % 0.003 m) ●nd because the fluid behavior is highly dransient

initially (in-core velocites on the order of 100 m/s) thereby generating

strong thermal coupling.

The effect of fuel-steel heat transfer also has been calculated with

SI=R-11, which ●nalyzes all the coupled heat transfer/fluid dynamics effects

interactive ly. The early, highly transient fluid bshavior calculated by

Abramson was reproduced also. We found that the core pressure decreased very

rapidly because of the preferential expansion of high-temperature core materi-

al at the core center; As a result, the core material was driven to the core

boundaries.

This rapid redistribution of material not only enhances contact between

liquid fuel and steel but also promotes a process called “self-mixing.” The

term refers to the self-driven expansion of hot fuel into colder fuel with

●ssociated thermal equilibration. If this process is sufficiently strong, the

●vailable work potential can be reduced by a factor of two in the early phase

of the expansion. With strong self-mixing, the cnre expansion is charac-

terized by the initial mean fuel temperature instead of the peak fuel tempera-

ture; however, this degree af self-mixing has not yet been verified experi-

mentally.

If severe neutronic excursions occur with a large fraction of the core

containing sodium, the distributed arrangement of fuel and sodium in the core

suggests that a high percentage of the Hicks-Menzies work potential might de-

velop. The criterion for large-scale initial coarse mixing appears to be

satisfied [32], a substa,ltial inertial constraint exists, and the opportunity

for massive heat t?ansfer is present even if not on a vapor-explosion time

scale. Fauske [33] has pointed out that sodium in the core requires the

presence of relatively cold cladding and subassembly can walls. Because the

cladding is initially a barrier between the liquid fuel and sodium, it should

impede the mixing of the two materials, ●t least at low ramp-rate levels.

In &ddition to impairing mixing, the cladding material can degrade work

potential through heat ubso~ption. Heat transfer to the cladding reduces the

●vailable work potential by ●n amount ●pproximately equal to 5 per cent

(Eicks-Menzies efficiency is ●bout S% for expansions to the CRBR cover-gas

volume) of the thenaal energy lost frcm the sodium. If ●ll the cladding in

the ●ctive Lore of the CRBRwere heated from ●bout 800 K to the melting point

by the fuel/sodi~ mixture, ● work-potential reduction of ●bout 50 MJ would



result. The reduction is relatively enall because the dependence of work po-

tential on fuel temperature for Eicks-llensies expansions ie much weaker than

for fuel-vspor expansions. Cladding will be of major influence in situations

where the effective =ixiag is liwited to ● small frsction of the ●ctive core

length. Then the SO-W effect of the cladding becomes ● significant fraction

of the ●vsilable work potential.

The role of in-core heat transfer on loads delivered to the above-core

structures is also ●xtremely important. Because of the strong dependence of

fuel-vapor pressure
.

on fuel temperature”, processes that rapidly reduce fuel

temperature will strongly affect the structural dynamics of the pins in the

DCS and the overall movement of the UIS. Under some circumstances, heat

transfer from an in-core FCI mixture will also affect the forces on the UCS

●nd UIS. Figure 5 presents a qualitative summary of the influence of in-core

heat-transfer processes on above-core structure-loading transients. The solid

curve is a SIMMER-II calculation of the spatially integrated force applied to

the UCS for a CRBR isentropic fuel-vapor expansion. The initial conditions

for this calculation were a completely voided core and UCS, an average fuel

temperature of 4800 K, a peak fuel temperature of 6000 K, and molten subas-

sembly can walls. The force is small initially because of the low fuel-vapor

pressure at the top of the core. The dynamic character of the force ia a re-

sult of the bulk motion of the core material as it responds to the initial

fuel-vapor pressure gradients of ‘W50 MPa/m. The maximum force is a factor of

three below that which would occur if the peak fuel-vapor pressure were

applied over the entire core cross-sectional area. Thus the actual UCS

loading during a simulated isentropic expansion is not as severe as that ob-

tained from purely thenuodynamic considerations or that applied in the UIS

dynamics tests at SRI [30].

If the self~ixing process is very rapid, the core pressure drops quickly

over the entire core area to about 3 MPa for the 4800-K initial condition,

thereby producing a force on the UCS of

those discussed below is shown ●s a level

that these forces persist over the time

would, in reality, decrease with time.

about 8 MN. Thi3 force as well as

on Fig. 5. There is nc implication

scale of the abscissa. The forces

Consequently, the effect of self-

mixing on the UCS loading can

factor of three compared to the

Heat transfer from liquid

feet on the loading of the UCS.

be at most an additional reduction of about a

SIMMER~esult.

fuel to steel also can have a significant ef-

This process should be assessed in a dynamic

mnner because of the steel vapor produced if rapid heat transfer occurs to a

small quantity of participating steel. In fact, there should be a mixture

ratio for fuel and tteel ●t which the :.bility to flamage ●nd displace the UCS



●nd UIS is maximized in the same way as the lficks+lenzies work potential is

maximized for fuel/godi~ mixtures. This ●spect should be considered furtksr

to determine whether steel cm amplify the UCS loading in voided-core ●cci-

dents. To ●ssess the influence of fuel-steel heat transfer on the upward-

directed force, us ●ssumed that ●ll of the cladding ie ●vailable in a di8-

persed form for rapid equilibration with the fuel. The result ia a mean

●ixture temperature of about 3700 R. A steel-vapor pressure of about 1 MPa is

produced that delivers a force of ●bout 3 MN to the UCS (as shown on Fig. S).

Finally, we ar..st consider the eod&m-in-core situations where sodium

vapor becomes the pressurizing fluid. As we indicated in Sec. 3.1, the early

mixing characteristics are of primary importance. The influence of rapid heat

transfer to cladding plays an important role only if the mixing mechanics

limit the scale of the work potential. The same is true for the forces ap-

plied to the above-core structures. To determine the effect of heat transfer

from the FCI mixture (assuming no thermal decoupling of fuel and sodium in the

early part of the expansion) to the intact cladding, we looked at equili-

bration conditions for different postulated FCI leveis in the core. If 10 per

cent of the core volume suff~:rs a Hicks-Uenzies event and all the cladding in

the core is available as a fast-acting heat sink, the equilibration tempera-

ture becomes 1630 K, producing a force of 6 MN on the UCS. A 20-per cent core

FCI produces a force of 36 M??. These levels are plotted on Fig. 5 for com-

parison. A 100-per cent FCI produces supercritical sodium even with rapid

heat transfer to cladding, resulting in forces on the order of 300 MN. We

estimate the force level required to rapidly eject the UCS as a result of

large UIS deformation to be of the order of 100 MN.

3.2 Heat Transfer in the Upper-Core Structure

UCS cladding is pa~ticularly important in the postdisassembly expansion

phase of both voided-core and sodium-in-core accidents. The heat-transfer

processes in the UCS occur in a more ordered structur~l environment, are

highly tralusient and interactive, and control to a large extent the nature and

quantity of the material ejected into the sodium pool. The cladding generally

will be heated beyond its melting point. This introduces a dynamic character

to the flow channels and therefore a strong feedback on the fluid dynamics.

The heat transfer ●lso leads to phase ●nd composition changes in the fluid

flowing through the UCS. Finally, the situation can becaae even more compli-

cated if large structural deformations occur in the pins of the UCS because of

the imposed fluid-dynamic and themnal loads.

Beca~:se UCS heat-transfer processes ●re complex, the temptation is strong

to translate the total heat-sink capacity of the UCS into an available re-

duction in work potential independent of heat-transfer details. By doing



this, we find that for the CRSR the total cladding in the

●nd fission-gas plenum re~bna can ●bsorb about 1400 KJ in

upper-axial blanket

heating frm 1200 R

to the malting point for ● voided-core ●ccident ●nd ●bout 1500 MJ in heating

fr= 800 K to the melting point for ● •odim-i~core ●ccident. By converting

these decreases in ●vailable ?nergy to decreases in work potential for an

isentropic fuel-vapor expansion ●nd ● Hicks-Menzies expansion to the CRSR

cover-gas volume, we can attain reductions in work potentials of about 100 MJ

●nd 150 MJ respectively. At low-accident severities these reductions are in-

deed significant. However, as the severity increases to levels greater than

500 MJ, the effect of UCS heat transfer would be minimal from this type of

integral ●ssessment.

To ●scertai-l the complet,? UCS effects on postdisassembly expansion, we

must examine the detailed processes in an interactive manner. In 1977, we

used SIlOIER-I [34] to aalyze the

multicomponent fluid-dynamics model

eluding phase changes. The various

energy were madeled simplistically,

preserved. In this early analysi~

fuel-vapor expansion with a multifield,

coupled with multipath heat transfer in-

exehange processes for mass, momentum, and

but the correct global dependencies @gre

‘[29] we quantified the large throttling

character of the UCS and also the net reduction in system kinetic energy as a

result of all heat-transfer processes. (In these calculations, the working

fluid in the region above the UCS changes from fuel to sodium.) The UCS re-

moves most of the fuel vapor from the two-phase fluid lea-ving the core and

produces a multicomponent stream of liquid fuel and liquid steel at the exit

of the UCS. These liquids subsequently interact with the liquid sodium in the

pool to produce sodium vapor that drives the expansion. Thus the damage po-

tential sesults from the interplay between mitigating l~eat-transfer efierts in

the core and UCS and augmenting heat-transfer effects in the pool.

In the SIMMERcalculations, a low-void fraction, two-phase mixture of

liquid fuel and liquid steel initially is forced into the upper axial-blanket

region as a result of the rapid redistribution of core materials to the core

boundaries. The nigh-temperature mixture flashes as it encounters the low-

pressure environment of the UCS. This process rapidly disperses the liquid.

Thus, in the early phase of UCS interaction, there is heat transfer between

liquid fuel and liquid steel in the flow channels, liquid fuel ●nd cladding,

liquid ste~l and cladding, fuel vapor and cladding (condensation on cladding)

in the d:,spersed flow regions, liquid fuel ●nd fuel vapor (vaporization and

condens~~tion), liquid steel and fuel vapor, and cladding and upper axial-

blanket fuel. In ●ddition, cladding ●blates in this ●nvironment thereby in-

creasing the hydraulic diameter while ●dding liquid steel to the fluid stream

●nd enhancing fuel-to-steel heat transfer. Heat transfer with sodiun may ●lso



occur depending on the initial sodium distribution in the UCS. Because the

interaction of core material with sodium in the UCS involves a spray-type

mixing in small channels with local void space, the pressure generation is

rather mild =d momentary. The ●odium vapor generated in this small-channel

environment ●xpells the remaining sodium out of the UCS.

As the expansion continues to drive material through the UCS and the full

length of the UCS is engaged by the flowing fuel/steel mixture, the UCS

strongly restrains high-velocity, high-density flow. The reuult i~ a limited-

mass throughput of material from the c6re to the sodium pool above. This

throttling process has s strong compounding effect on all heat-transfer

processes. It lengthens the time of expansion so that mitigating heat-

transfer processes in the core have longer to reduce the driving pressure that

●jects material through the UCS. The low throughput of material in the UCS

produces incoherent and incomplete mixing with the sodium above the UCS. The

slow sodium vapor-generation rate in turn enhances the mitigating heat-

transfer processes in the pcol.

Eventually the UCS pin structure is completely ablated, thus losing its

throttling capability. At this point the core pressure is substantially re-

duced as a result of expansion, self~ixing, and heat transfer to in-core

steel. Further, the bulk sodium interface is now a few meters from the hot

core material, thereby effectively preventing highly coherent and rapid mixing

with sodium.

The UCS and associated heat-transfer processes do far more than simply

absorb sensible energy from the working fluid. The induced effects on the

total integrated expansion are ?he dominant mitigating features in the i~ter-

mediate accident-severity range. This total influence can be assessed only by

considering the i;aieractive detail~ of the expansion. Many complexities are

involved; however, through the use of new tools, such as SIMMER-II [19],

sensitivity studies that scope the effects of modeling inadequacies and data

base uncertainties [35], and experimental efforts such as those at Purdue

[28], Los Alamos Scientific Laboratory [36], and Argonne National Laboratory

[37], we may gain sufficient understanding and confidence to take advant~ge of

the complete UCS influence on the generation of damage potential.

UCS heat transfer when sodium is the working fluid is important [38] and

●lso may be substantially larger than expected from heat-sink considerations

●lone. We have performed several SIMMER-II calculations with sodium initially

in the core region. Strong heat-transfer coupling between the liquid fuel and

●or.lium was applied and the mixing of the fuel and sodium was instantaneous

over the portions of the core containing sodium. The Hicks-Menzies work pc-

tential for the selected initial conditions was about 700 MJ for expansion to



the CRBR cover-gas volume. Of

suits between two CRBR cases,

meither in place. The maximum

150 KJ respectively.

The thermal/fluid dynamics

particular iutereat is the comparison of re-

one with UCS and UIS in place and one with

system kinetic energies were about 15 MJ and

aspect of the expansion ●ccounts for at least

ome-half the reduction iu damage potential for the no-structure case. The

expansion deviates in two important ways from the ideal. First the thermal

●quilibrium is not maintained between the fuel and sodium during the ex-

pansion. Padilla P9] indicates that this feature ●lone can lead to abcmt a

factor-of-two reduction in the delivered work to the system. Second, the

working fluid does not expand unifcrmiy during the ●pproxim< tely 30-ms ex-

pansion period. Therefore, ●ll portions of the working fluid do not develop

work potential to the same degree. This effect has been investigated [40] and

was found to represent ● 30 to 50 per cent reduction in the work delivered by

the working fluid.

As in the fuel-vapot expansiofi, the resistive character of the UCS not

only prevents the in-core FCI prassure from acting directly on the sodium

pool, but it ●nhances the in-core heat transfer between the sodium/fuel
@

mixture and the in-core steel, the heat transfer between the expelled mixture

and the claddiri8 in the lower part of the WCS, the effect of condensation in

the ●edium pool, ●nd self-mixing of eodium in the pool - ●ll ● s ● result of

the lengthened ‘ “ ~e for expansion. Much of the cladding in the core and the

lower part of the UCS is heated well beyond the steel melting point (to a

range of 2200 K) before the upper part of the UCS is destroyed by the heating

procees. Thus the effectiveness of the cladding ● s a heat sink is incrr sed

by ●t least ● factor of two over that which was postulated from global heat-

#ink considerations. Of perhaps more importance is the promotion of greater

heat transfer in the pool. This ia evidenced by the continual decrease in the

mase of ●odium vapor in the SIMER-11 calculation even though energy is con-

tinually transferred to the ●odium by the fuel ●nd steel during the ●xpansion.

3.3 Ileat Transfer in the Sodium Pool

Eeat transfer in the oodium pool is importar- “~oth with ●nd without the

●bove-core structures. The major pool heat-transfer processes are conden-

sation, self-ixing, vapor to liquid sodium, liquid ●nd particulate fuel to

●odium~ md liquid steel to ●edium.

The condensation ●nd vanor heat-transfer processes are particularly de-

pendent on the interracial area between the pool ●nd ●xpansion region,

Therefore, th te procesees ●re very sensitive to liquid sodium ●ntrainment

durin8 the ●xpansion. The degree of ●ntraitnnent in particular designs and

partic~lar ●xpansions cannot be determined with confidence ●t this time.



These interracial processes may reduce the pressure locally ●t the POO1

interface, thereby reducing the effective ●cceleration of the pool [41] or may

increase the local pressure if hot vapor is involved [42].

The other heat-transfer processes involve mixing of hot material from the

core region with che sodium of the pool. Fuel-vapor expansions with an intact

IKS tend to produce jets of two-phase fuel and steel at the exits of the sub-

●ssemblies. These jets cause forced mixing of core material ●nd sodium at

least in the early part of the expansion when the sodium interface is near..“
The integral ●xtent of the ●nergy tranefer is a function not only of the

mixing details but also of the fluid-dynamic response of the jets and the pool.
to the buildup of sodium vapor backpressure. This type of mixing generally

continues along with the ●ssociated heat transfer until sufficient back-

pressure is developed to move the sodium interface away from the mixing

region. If the jet material is fuel and steel, the mix~.ng augments the gener-

●tion of pool kinetic energy. If the jet material is a high-temperature

mixture of fuel ●nd sodium, however, the mixing mitigates the generation of

pool kinetic energy.

Sane concern exists regarding the forced mixing of fuellsteel jets with

sodium in the early part of the expansion. It is ●ssociated with postulated,

delayed themal interactions where large ●ccumulated quantities of liquid fuel

●nd steel could potentially interact in a coherent manner. The result would

be an increase in damage potential. Simulation tests such ● s those planned at

Purdue [28] using a more volatile fluid for the pool

corfi material will provide us with more data in this

tests with ●ctual reactor materiala may be needed if

than for the simulated

regard. Large integral

the combined mixing m?-

chanics ●nd thermal

●tood sufficiently

experiments.

4. Conclusions

interactions in this type of environment cannot be under-

●nd substantiated with out-of-pile and small-scale

Energetic expansions of high-temperature materials following postulated

severe neutronic ●xcursions in LMFBRs ●re complex, highly transient, ●nd

hi~hly interactive. In ●ddition, the ●ssessment of containment-syotem failure

thresholds is difficult ●nd complex. Therefore, these many facets of the

probl~ lhould be integrated to ●now consistent cost-benefit decisions to be

●ade reuarding research ●nd development needsp 8afety-related deaiun features

that increase oystem tolerance for energetic evemtmp●nd approaches to formu-

lating ● defendable safety ●ssessment. We have ●ttempted to provide ● per-

spective of thie type for the CRBR. Thie can be translated partially to other

designs but the ●stimated containment limits ●nd the tramlationa of ramp

ratec to work potential may be different.



Beat-tr~nSfer processes in general ●re important, as are the c~bined

themallfluid dynamicn processes ●ssociated vith the above-core structure.

The role of heat transfer and UCS interaction should be considered and inte-

grated into safety ●ssessments to obtain realiotic cystem tolerances particu-

larly for @odium-in-core CDA8. Thin discussion cuggeata that the detaile of

the ●xpansions ●re important in ●ssessing the-e thermal/fluid dynamics ●f-

fectc. It is only through ●n understanding of these macroscopic detaila that

the full impact of the heat-transfer proceasea can be realized in ●eaeaaing

the ●stimated tolerance of cent-irrmentsyotems for energetic XXFBR accidents.

1.

2.

3.

4.

5.

6.

7.

8.

9*

10.

11.

El. A. Bethe and J. H. Tait, “An Eotimate of the Order of Magnitude of the
Explosion When the Core of ● Fast Re#ctor Collapse,” United Kingdom
Atomic Energy Authority report UKAEA-RHM(56) 113 (1956).

“Code of Federal Regulations,” Title 10, Part 50, Appendix A, (10 C’FR
50A)J US Government.

M. Shaw, ‘!Needsfor Standards in Reactor Development,” Sixth
Annual Meeting of the American Nuclear Society, Los Angelee, California,
July 1, 1970.

J. F. Marchaterre, “Overview of Core Disruptive Accidents,” Nuclear
Engineering and Design Q, No. 1, 11 (1977).

T. G. Theofanous, “Hultiphase Transients with Coolant ●nd Core Materials
in LM?’BR Core Disruptive Accident Energetic Evaluations,” Nuclear
Regulatory C~ission report NuREG/CR-0224 (July 1978).

J. F. Jackson, M, C. Steveneon, J. F. Marchaterre, R. Ii.Sevy, R. Avery,
●nd R. O. Ott, “Trends in LKPBR Hypothetical-Accident Analysis,”
Proceedings of the Fast Reactor Safety 14eeting, Beverly Hill-,
California, April 2-4, 1974, CONF-740401.

“Liquid Metal Fast Breeder Reactor Program Plan
(1968).

C. I. Bell, J. E. Boudreau, T. McLaughlin, R, G.

W. E. Stein, M. G. Stevenson, and J. L. Yarnell,
Study of Fast Reactor Safety Tast Facilities,”
Laboratory r-port LA-5978-MS (May 1975).

CRBRP Risk Assoasment Report, CRBRP, (March 1977).

Safety,” Q, WASH-111O

Palmer, V. Starkovich,
“Preliminary Report -

Loo Alamoe Scientific

F. R. Famer ●nd E. V. Cilby, “A Method of Aooessing Fast Reactor
8afety,” Procoodin~s of International Conference on Safety of Fa-t
Raactort, Aix-an-Provenca, 1967 p. VI-2-1.

J. D. Griffith, R. Avery, J. Graham, P. Graebler, R. W. Keaten, ●nd D. E.
8imp80n, “US Approach to LMFBR Risk ●nd Safety R6D Cost Benefit
Amsassmant,” ENS/ANS Topical Ma@ting on Nuclear Power Reactor Ssfety,
Brusocls, BtlSium, Octob@r 16-19, 1978.



12.

13.

14.

15 ●

16.

17.

18.

19.

20 ●

21 ●

22.

23.

24.

26.

27.

J. A. Hartung and S. Berk, “A Risk-Based Evaluation of Large LMFBR
Containment Response under Cole Disruptive Accident Conditions,” Int’1
Htg. Nucl. Power Reactor Safety, Brussels, Belgium, October 16-19, 1978.

J. F. Jackson ●nd J. E. Boudreau, “Disassembly Energy Release for
Nachanical Damage Evaluation,” Nuclear Engineering ●nd Design ~, 31-40
(1977).

J. Marchaterre, T. Marciniak, J. Bratis, H. Fautike, ●nd J. Jackson,
%lork-Energy Characterization for Core-Disrupt~on Accidents,” Proc. Int.
Mtg . on Fast Reactor Safety ●nd Related Physicsg Chicago, Illinois,
October 5-8, 1976. .

X. P. Hicks and D. C. Menzies, “Theoretical Studies on the Fast Reactor
Y4sximum Accident,” Proe.s Conf. Safety Fuels and Core Design in Large
Fast Power Reactors, October 11-14, 1965, ANL-7120.

J. E. Boudreau, “The Mechanistic Analysis of LMFBR Accident Energetic,”
Iluclear Safety 20, No. 4 (to be published).

Project Management Corporation, “Clinch River Breeder Reactor Preliminary
Safety Analysis Report” (July 1975).

v. w. Chang, J. Gvildys, and S. H. Fistedis, “Two-Dimensional
Hydrodynamics Analysis for Primary Containment,” Argonne Xational
Laboratory report ANL-7498 (1969).

L. L. Smith, SIMMER-II: A Computer Program for LMPBR Disrupted Core
Analysis,” Los Alamos Scientific Laboratory report NUREG/CR- 0453,
IA-7515-M (October, 1978).

C. Y. Wang, “ICECO - An Implicit Eulerian Method for Calculating Fluid
Transients in Fast Reactor Containment,” Argonne National Laboratory
report ANL-75-81 (December 1975).

S. L. Hancock, “Finite Difference Equations for PISCES-2DELK, A Coupled
Lagrange Continuum Mechanics Computer Program, TCAM 76-2” Physics
International Co., San Leandro, California, April 1976.

Il. S. Cowler, “ASTARTE - 2-D Lagrangian Code for Unsteady Compressible
Flow: Theoretical Description,” TRG report 2527 (R/X) (March 1974).

M. Namias ●nd A. Lamotte, “Description of the “SURBOUM” Progranzne,”
Brlgonucleaire ieport 308.39/177/n/040 (May 1972).

R. J. Tobin ●nd D. J. Cagliostro, “Experimental Simulation of ●

Hypothetical Core Disruptive Accident in l/20-Scale Models of the Clinch
~ver Braeder Re6ctor,” SRI International technical report 4 (October
1978).

8. E. IIoskin ●nd M. J. Lancefield, “The COVAProgra~e for the Validation
of Computer Codes for Fast Reactor Containment Studieu,” Nuclear
engineering ●nd Design 46, No. 1, (March 1978).

M. Egleme, J. P. Fabry, ?I. Lamotte, “Nuclear Accident Simulation in ● 1/6
Scale Model of the SNR-300 Fast Breeder Reactor,” Nuclear Engineering ●nd
DesiSn 42, No. 1, p. 115 (1977).



28 ●

.,-. .. .
29.

30 ●

31.

32.

33.

34.

35 ●

36.

37.

38.

39.

40.

41 ●

42.

.-. . ,. .,>...._. ..”,. ..... .__._.-___.A-.._

T. G. Theofanous and D. Chris topher~ “The Termination Phase Of Core
Disruptive Accidents in LJ!FBRs, ” P~-78-126, Purdue
(1978).

.

c. R. Bell ●nd J. E. Boudreau, “SIlQ4SR-I
Calculations,” ANS Trans. ~, SS5 (1977).

D. J. Cagliostro, C. M. Romander, ●nd R J. Tobin,

University, (February

Accident Consequence

“Experimental Studies
in Attenuation of Radiological Consequence of CDA Energetic$,” SRI
International quarterly progress report No. 15, (November 1978).

P. B. Abrameon, “The Importance of. lieat Transfer in Hypothetical Core
Disruptive Accident Analysis,” Nucl. ~Technology 3S, 1 (1977).

E. SC. Fauske, “The Role of Energetic Mixed-Oxide-Fuel Sodium Thermal
Interactions in Liquid Metal Fast Breeder Renctor Safety,” Proceedings of
Third CSNI Specialist Meeting on Sodium Fuel Interaction in Fast
Reactors$ Tokyo, Japan, March 22-26, 1976.

Il. K. Fauske, “The Role of Core-Disruptive Accidents in Design and
Licensing of LMFBRs,” Nuclear Safety 17, No. 5, 550-560 (September-
October 1976).

C. R. Bell, P. B. Bleiweis, J. E. Boudreau, F. R. Parkerj ●nd L.L. Smith,
“SIMMER-I: An @, ;mplicit, Multifield, F&lticomponent, @lerian,
Recriticality Code for 12fFBR D~srupted Core Analyaia,” Los Alamos
~cientific Laboratory report LA-NUREG-6467-MS (January 19771. %

C. R. Bell,’’SIMMER-II
Int’1. Mtg. Nucl. Power
1978.

E. J. Chapyak end V. S.
of LMFBR Safety-Related
Fast Reactor Technology,

Analyaia of LMFBR Poatdiaaasembly Expansion,”
Reactor Safety, Brussels, Belgium, October 16-19,

Starkovich, “The Role of Similitude in the Design
Simulation Experiments,” International Meetin8 on
Seattle, Washington, August 19-23, 1979.

R. E. Henry, G. T. Goldfues, J. J. Heiberger, D. J. Quinn, R. L. Roth, E.
A. Spleha, ●nd 1. 0. Winsch, “Upper Plenum Injection Tests No. 1 and No.
2,” Argonne National Laboratory Report, ANL/RAS 76-4 (April 1976).

T. C. Theofanous, and H. K. Fauske, “An Energy-Di.sipation Mechanism Due
to the Cladding of the Fission-Cao Plen~m During ●n HCDA,” ANS Trans. 16,
195 (1973).

A. Padilla, Jr., “Analyais of Mechanical Work Energy for LJ4FBRMaximum
Accidents,” Nuclear Technology 12, 348 (December 1971).

J. F. Jackaon and M. G. Stevenson, “Nuclear Reactor Safety Quarterly
Progre.a Report l-December 31, 1978, “ Los Alemoa Scientific Laboratory
report LA-7195-PR (April 1978).

!4. L. Corradini, ‘meat Transfer ●nd Fluid Flow Aapecta of Fuel-Coolant
Interaction-,” lfa.sachuaetta Institute of Technology raport COO-2781-12TR
(September1978).

D. E. Cho, ●nd M. Epstein, ‘Work Potential Resulting from a Mechanical
Disaammbly of the Voided FFTF Core, “ Argonne National Laboratory report
ANL/RAS 74-17 (August 1974)o



I500

1000

50C

o

REACTIVITYRAMPFORFUELVAPOREXPANSION($/$)
050 100 150 200 250

a ------------------------- b1 I 1 1
0 103050 60
REACTIVITYRAMPFORHICKS-MENZIESSODIUMVAPOREx~~WN ($/s)

.

.

.

I I I I I I [ I I
.

“7’
. I

/

/

.

,

l—,

-m

.

0“

Fiu.

500 I000 1500
THERMODYNAMICWORKPOTENTIAL(NJ)

FOREXPANSIONTOTHECRBRCOVERGASVOLUME
1. Work potential to damage poten:tal conversion diagram for CRBR.



JAI

Fig. 2. CRBR schematic [17].
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